We investigate the evolution of surface smoothness and atomic step-edge patterns on 6-nm (110) GaAs surfaces grown by cleaved-edge overgrowth with molecular beam epitaxy (MBE) and subsequent in situ annealing at elevated substrate temperatures ranging from 590 to 650°C. As the annealing temperature was increased, island structures of µm scale formed on the annealed surfaces decreased in size and almost disappeared at 630°C while pit structures and underlying monolayer terraces increased in size, which indicate that the surface migration of atoms are enhanced and flatten the (110) surface during annealing. At higher annealing temperatures above 630°C, new triangularshaped pit structures appeared on the surface, which disturbs atomic-scale smoothing of the (110) surfaces.
INTRODUCTION
Atomic-scale smoothing of the epitaxial GaAs (110) surfaces is a crucially important process to fabricate size-controlled high-quality semiconductor quantum wires and dots via cleaved-edge overgrowth (CEO) with molecular beam epitaxy (MBE) [1] . Recently, we developed a growth-interrupt in situ annealing method that dramatically reduces surface roughness of the GaAs (110) CEO layers [2, 3] . By using this method, we successfully fabricated highquality T-shaped quantum wires with atomically smooth hetero-interfaces [4] .
In this work, we examine the evolution of surface smoothness and atomic step-edge patterns on the GaAs CEO surfaces formed by the growth-interrupt annealing at elevated substrate temperatures to investigate the formation mechanisms of the atomically smooth surfaces on (110) GaAs during annealing.
EXPERIMENTAL
We grew 6-nm GaAs epitaxial layers on the cleaved (110) edges by the CEO method using a growth temperature of 510°C, an As 4 -molecular-beam pressure of 5 × 10 -5 Torr, and a growth rate of 0.43 µm/h. To introduce a spatial gradation of thickness in the GaAs epitaxial layers, the cleaved (110) edges were aligned along the Ga-flux gradient of MBE without substrate rotation during the CEO growth, by which a spatial distribution of layer thickness by 0.6 Å/mm (or 0.3 ML/mm) was intentionally introduced. After the 6-nm GaAs epitaxial growth, we interrupted the growth and in situ annealed at various substrate temperatures ranging from 590 to 650°C for 10 minutes under As 4 -flux irradiation in the MBE chamber. The surface morphology of the annealed (110) GaAs layers was characterized by atomic force microscopy (AFM) measurements in air. Figures 1 and 2 show AFM images of the 6-nm (110) GaAs CEO surfaces annealed at various substrate temperatures (Ta). The observation areas of the AFM images in Figs. 1 and 2 are 5µm × 5µm and 40µm × 40µm, respectively. AFM measurements were carried out in various coverage regions of the CEO layers, which are denoted as deviations from an integer-monolayer (integer-ML) thickness in Figs. 1 and 2. At the annealing temperature of 591°C, atomically flat ML-step-free surfaces were formed in the integer-ML region where exactly 30 MLs were deposited over the cleave while 2-(or 3-) ML-high island or 1-ML-deep pit structures of µm scale with well-defined crystallographic step edges were formed on the flat surfaces in fractional-ML coverage regions, which reproduces our previous results [2, 3] . As the annealing temperature was increased, small 2-(or 3-) ML-high islands observed in the excess-coverage regions decreased in number and almost disappeared above 630°C. In a higher excess-coverage region of +0.7 MLs (or in other words, a deficient coverage of -0.3 MLs), triangular-shaped 1-ML-deep pits elongated along the [1-10] direction increased in size. These morphological changes observed on the annealed surfaces indicate that the enhanced surface migration of Ga adatoms becomes effective in smoothing the GaAs CEO surface.
RESULTS AND DISCUSSION
At higher annealing temperatures above 630°C, however, additional 2-ML-deep triangular-shaped pits, whose apexes with an angle of about 50° were aligned to the [00-1] direction, appeared on the atomically flat surfaces and became larger in size with the annealing temperature. Similar triangular pits were also observed on a 650°C-annealed (110) cleaved edge without epitaxial growth, which indicates that the formation of these triangular-shaped pits is due to the desorption of Ga atoms from the crystal surface during annealing. Therefore, in these high annealing temperature regions, surface morphology was determined by the competition between smoothing due to the enhanced Ga adatom migration and pit formation (or roughening) due to the Ga desorption. Consequently, the critical annealing temperature for smoothing the (110) CEO surfaces was found to be about 630°C in these conditions.
